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Abstract

Studies of the impacts of historical, current and future global change require very high-
resolution climate data (≤ 1 km) as a basis for modelled responses, meaning that data
from digital climate models generally require substantial rescaling. Another shortcom-
ing of available datasets on past climate is that the effects of sea level rise and fall are5

not considered. Without such information, the study of glacial refugia or early Holocene
plant and animal migration are incomplete if not impossible. Sea level at the last glacial
maximum (LGM) was approximately 125 m lower, creating substantial additional terres-
trial area for which no current baseline data exist. Here, we introduce the development
of a novel, gridded climate dataset for LGM that is both very high resolution (1 km)10

and extends to the LGM sea and land mask. We developed two methods to extend
current terrestrial precipitation and temperature data to areas between the current and
LGM coastlines. The absolute interpolation error is less than 1 and 0.5 ◦C for 98.9 and
87.8 %, respectively, of all pixels within two arc degrees of the current coastline. We
use the change factor method with these newly assembled baseline data to downscale15

five global circulation models of LGM climate to a resolution of 1 km for Europe. As
additional variables we calculate 19 “bioclimatic” variables, which are often used in cli-
mate change impact studies on biological diversity. The new LGM climate maps are
well suited for analysing refugia and migration during Holocene warming following the
LGM.20

1 Introduction

Global climate models (GCMs) and regional climate models (RCMs) are essential in
studying the impact of long-term climatic changes on natural and social systems (e.g.
IPCC, 2014a; b and references therein). However, in their original form, these models
provide climate data at a spatial scale that is much coarser than that required for climate25

impact studies. GCMs have resolutions of approximately 1–3 arc degrees (hundreds of
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kilometres) while RCMs can be as fine as tens of kilometres. Nonetheless, climate im-
pact studies require resolutions from 1 km down to 100 m or less (Randin et al., 2009).
For example, models of the potential impact of climate change on species distribu-
tions regularly make use of such down-scaled data (e.g., Bryson et al., 2014; Maiorano
et al., 2013; Patsiou et al., 2014; Pearman et al., 2008). Further, impact analyses are5

increasingly expected to account for uncertainty that arises from specific climate mod-
els by using modelled climate data from multiple sources and constructing ensembles
of results (Araujo and New, 2007; Buisson et al., 2010; Thuiller et al., 2009). To meet
this need, the change factor method, also called the delta change factor method, is
frequently applied in the downscaling of climate data for use in studies of climate im-10

pacts, essentially producing high-resolution gridded climate data from lower resolution
climate model output (Anandhi et al., 2011). This method adjusts high resolution, ob-
served baseline climate data by adding to them interpolated climate anomalies from
GCM or RCM model output. These anomalies are the differences between the mod-
elled climate of a future scenario or a historical period, and the modelled baseline15

climate. Conducting change factor downscaling over continental extents can be fairly
straightforward using GCM/RCM data of future scenarios (Anandhi et al., 2011). How-
ever, downscaling GCM data from simulations of historical climates using the change
factor method can be problematic when discrepancies in ocean levels are substantial.

The downscaling of GCM output for historical periods, such as the last glacial maxi-20

mum (LGM), provides essential data for studies in paleobiogeography (Nogues-Bravo,
2009), but use of the change factor method to construct these data encounters two sub-
stantial problems. First, observed baseline climate data, such as interpolated weather
station data from Worldclim (http://www.worldclim.org; Hijmans et al., 2005), cover cur-
rent land areas only. However, sea level at the LGM was approximately 125 m lower25

than it is today (Peltier, 2004). Therefore, substantial additional areas were exposed
and the positions of coastlines differed clearly from their current positions, in some
places by many tens or even hundreds of kilometres, as in the North Sea and Gulf of
Mexico. These previously exposed areas do not currently represent terrestrial climates.
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However, some form of high resolution, baseline climate data to which anomalies can
be applied are required in the change factor method (Anandhi et al., 2011). One so-
lution would be to extend the observed high-resolution baseline climate data to the
ancient LGM shoreline. Here, we address the question of the potential baseline cli-
mate of low lying areas, which were exposed when the sea level was approximately5

equal to its level at the LGM (Peltier, 2004). We report the development and implemen-
tation of two methods for this extension, one each for temperature and precipitation
data.

A second problem for the application of the change factor method in downscal-
ing data from coarse-resolution GCM simulations arises when its baseline period,10

used in producing the modelled climate anomalies, does not correspond to the pe-
riod for which high resolution, observed climate data are available. For example, in
the Paleoclimate Modeling Intercomparison Project PMIP2 (Braconnot et al., 2007)
the control runs of the GCMs use boundary conditions corresponding to the preindus-
trial years around 1750 AD (http://pmip2.lsce.ipsl.fr/design/boundary.shtml#0k). There15

were at least 200 years between this date and the period of the weather station data
used in the construction of the Worldclim global climate layers (1950–2000). During this
period, global climate likely changed due to the effects of e.g. gas emissions caused
by industrialization (Folland et al., 2001).

In this study, we downscale climate data from 5 GCM simulations originating from20

the PMIP2 efforts for the region of Europe. One specific focus is to account for net
change in surface air temperature over this 200 year gap between contemporary and
preindustrial climate. We do so by using data from multiproxy-based reconstructions of
monthly temperature (Luterbacher et al., 2004; Xoplaki et al., 2005) covering the past
centuries. We then apply the change factor method using these newly developed base25

line climate data to downscale five global climate models (GCMs) from the PMIP2
database cp-3-261-2007 for the region of Europe to a resolution of 30 arc s (approx.
1 km).
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Several geographic patterns of climate are relevant to our efforts. Air Temperature
depends on elevation above sea level, and the rate of temperature decrease with in-
creasing elevation is known as the lapse rate (Rosenberg et al., 1983). This relationship
is especially evident in regions of strongly varying topography, such as in mountainous
areas. Additionally, temperature depends on geographical position in that it decreases5

towards the poles due to reduced radiation. Further, the annual range of tempera-
tures increases with the distance from the ocean (i.e. increasing continentality). Thus,
temperature also depends on longitude. The influence of latitude and longitude on
temperature tends to be substantial in regions where plains dominate, for example in
northeastern Europe. The lapse rate of precipitation is less closely linked to elevation10

than is that of temperature and, instead, shows high spatial and regional variability
(Maraun et al., 2010). These differences led us to address temperature and precip-
itation baselines with different calculation methods. In our study, we present several
simplifying assumptions that account for these patterns and enable the work. Further,
we also refer to methods that we explored but then discarded to avoid the creation of15

geographic artefacts and unrealistic values. The resulting methods produce baseline
climate data that are useful in applying the change factor method to downscale GCM
simulations to areas of continental extent larger than those at present, such as is nec-
essary when downscaling climate models of the high glacial period. While we produced
high-resolution data of LGM climates for Europe only, we present the methodology with20

examples from two regions, namely northwestern Central Europe with the North Sea
for temperature, and the Gulf of Mexico for precipitation. These two regions are best
suited to illustrate the development of the methodology.

2 Methods

We established several criteria to guide the construction of baseline climate for areas25

that are currently submerged. First, the current terrestrial climate of areas that are sep-
arated by geographic distance from marine coasts should remain unaltered because
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we assumed physical processes like air pressure, weather patterns, exposition, and
geographic trends in solar radiation are unaffected by the exposure of additional ter-
restrial land area during LGM. Second, current climate should be extended to the LGM
shoreline and, by doing so, current near-coast climate patterns should be replaced by
patterns resembling inland climate. This is important because the current near-coast5

climate is different from more inland climate due to effects of coast proximity. Third,
the constructed baseline climate data that covers areas between the current and LGM
coastlines should be consistent with the observed regional climate regimes and, thus,
should not present climates that are obviously novel from a regional perspective.

Given these priorities, our objectives for the construction of a climate baseline by ex-10

tension of current climates to areas that are now inundated and were exposed during
the LGM emphasized avoidance and minimization of climate artefacts and included:
(i) use of all available information, including data on observed, high resolution current
climate and reconstructed coarse resolution climate of Europe over the past 500 years,
elevation, latitude, longitude, and the empirical dependencies among these quantities15

themselves, (ii) avoidance of artefacts, such as visually detectable remnants of pat-
terns of current coastal climate, and artefacts that might arise from the extrapolation
techniques themselves, and (iii) avoidance of unrealistic values (e.g., negative values
of precipitation) that might arise by uncritical extrapolation of current geographic trends
or during spatial interpolation of climates of small islands currently far offshore. To this20

end, we developed two different approaches for temperature and precipitation, which
are explained in detail below.

2.1 Temperature

Temperature strongly scales with changes in elevation, and these lapse rates vary con-
siderably among regions. One way of scaling temperature data is to apply a multiple lin-25

ear regression (MLR) in order to explain variation in temperature by means of elevation,
longitude and latitude. Performing MLRs in a moving window allows for reconstructing
the spatial variation in elevational and lateral lapse rates. Such lapse rates can then be
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extrapolated from the current to the LGM coastline. Here, we are interested in devel-
oping the elevational and lateral lapse rates ways that obviate the inclusion of coastal
areas (e.g. all area near coasts lower than 20 ma.s.l.), so as to avoid spurious effects
when extrapolating from land that would not have near-coast climate at LGM times.
On the other hand, we use only as much land in the proximity of coasts as necessary5

for development of elevational and lateral lapse rates in order to avoid unnecessarily
intense computations. To do so, we restrict the MLR calculations to areas that are fairly
proximal to coasts, and we perform the MLR calculations at a 2.5 arc minute resolu-
tion, which is coarser than the original grid resolution for baseline temperatures (30 s).
In this sub-chapter we illustrate (Fig. 1a) and list (Fig. 1b) the main processing steps10

and present the developed method (Fig. 2).

2.1.1 Multiple linear regression within a moving window

While non-linear approaches to downscaling LGM climate in Europe have been used
(Korhonen et al., 2014), a useful avenue for constructing baseline climate for areas
currently lacking terrestrial climate is multiple linear regression (MLR) in a distance de-15

pendent way (Stahl et al., 2006), using elevation from a digital elevation model (DEM),
latitude (LAT) and longitude (LON) as predictor variables of temperature (Eq. 1):

T = β0 +β1 ×DEM+β2 ×LAT+β3 ×LON, (1)

where T is the fitted temperature, β0 the intercept, β1, β2 and β3 are regression coef-
ficients for geographic variables or elevation lapse rates. This MLR is solved and the20

regression parameters β0, . . . , β3 are estimated using DEM, LAT and LON values from
an area surrounding each focal pixel.

To estimate regression parameters for a gridded study area we defined a window
of 25 by 25 cells that was moved column-by-column and row-by-row. This was done
simultaneously over the grids of the climate variable of interest (e.g. average tempera-25

ture of a certain month) and the three predictor variables. At every window position, all
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grids (T , DEM, LAT, LON) were sampled and the MLR was applied. The four regres-
sion parameters β0 to β3 were saved in four new grids that store the result from each
moving window regression at the position of the centre cell of the window.

We used 2.5 arc minute resolution temperature grids and the DEM that were avail-
able from the Worldclim website (downloaded on 22 March 2010). In this data set, only5

grid cells representing land areas contain data while ocean cells are empty. The win-
dow size of 25×25 cells, resulting in a maximum of 625 cells per window, ensured that
the influence of latitude and longitude was detected during MLR. In order to mask out
current coastal climate (Fig. 1a), we only conducted MLR with data from cells with ele-
vations of 20 m and higher (step 1 in Fig. 1b), essentially creating an exclusion mask,10

the width of which depended on topography. The mask was wide in flat regions (e.g. in
the Netherlands) and narrow on steep coasts (e.g. Norway). Since cells without data
(e.g. ocean pixels surrounding a peninsula) could not contribute to the regression, we
established an empirical threshold of 170 data-containing cells as the necessary min-
imum number for calculating the lapse rate of the centre cell (Fig. 1a). This number15

ensured that there were sufficient data to conduct MLR and that the centre cell never
lay far to the seaward side of the coast. Since the inland climate was kept unaltered (i.e.
held original Worldclim values), corresponding regression calculations were unneces-
sary. We prevented calculation over terrestrial pixels far inland by limiting the maximum
number of data-bearing cells within a window to 624. This assured MLR was only cal-20

culated along the coasts (red shaded area, Fig. 1a; step 2, Fig. 1b), and excepted areas
excluded by the 20 m elevation threshold and the 170 cell minimum. Near to coasts,
the number of cells that were used to construct the MLR varied regionally (Fig. 2a), as
did elevational lapse rates (β1 from Eq. 1) stored to the centre cells of moving windows
(Fig. 2b).25

2.1.2 Extension of temperature to the LGM coast line

In a next step, the areas between the current and LGM coasts that originally contained
no climate data (i.e., currently in the ocean) and the region for which MLR parameters
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were available (red shaded region in Fig. 1a) needed to be filled. We used the “pois-
son_grid_fill” function of National Center for Atmospheric Research’s (NCAR) Com-
mand Language NCL (NCL, 2013) to extrapolate MLR parameters β0–β3 (Fig. 2c for
β1, step 3 in Fig. 1b) to these empty grid cells. This function derives these values by
solving Poisson’s equation via relaxation (Varga, 2009). The input values within the5

region used to calculate MLRs in moving windows were left unchanged and acted as
boundary conditions (Fig. 2c).

The filled β0–β3 grids were then interpolated to the desired high resolution of 30 arc s
using bilinear interpolation (step 4 in Fig. 1b). Finally, the high resolution β0 to β3
grids were used together with a high resolution DEM of the ocean floor to recal-10

culate the temperature at each grid cell using Eq. (1). The elevations for currently
submerged areas were taken from the General Bathymetric Chart of the Oceans
(http://www.gebco.net; the GEBCO_08 Grid version 20 100 927), which is a global
30 arc s grid (Becker et al., 2009). We removed all cells in the ocean off the LGM
coast using the shoreline position of continental Europe at LGM (adapted according to15

https://pmip3.lsce.ipsl.fr/share/design/ice_bc/pmip3_21k_sftlf_v0.nc from P. Bartlein,
unpublished data derived from Ehlers and Gibbard (2004); Peltier (2004); see step
5, Fig. 1b). Finally, we reset the values of cells with elevations above 20 m to the origi-
nal values of the Worldclim 30 arc s grid to obtain “Worldclim extended” monthly climate
grids (step 6, Fig. 1b). These grids represent today’s terrestrial climate assuming an20

LGM coastline, and form the baseline climate with which to reconstruct LGM climates.
We applied this technique to downscale monthly average temperatures (Tave), and ad-
ditionally monthly minimum (Tmin) and maximum temperatures (Tmax) because of their
usefulness in constructing additional derived variables for study of climate change im-
pacts.25

2.1.3 Evaluation of temperature extrapolations

We sought to evaluate the implemented method by comparing the results to existing
data. To estimate the extrapolation error, we extrapolated the MLR coefficients onto
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the continental terrestrial area and recalculated temperature at each grid cell using the
original Worldclim DEM. This allowed us to compare the recalculated temperatures to
the original Worldclim values. Instead of testing individual months, we compiled the
monthly data into a single dataset. We established five distance zones of 1 arc degree
width from the coast inwards (Fig. 3) and calculated residuals as the difference between5

the predicted temperatures and those of the original Worldclim temperature layers. We
restricted the elevation range to between 20 and 150 m, which is similar to the elevation
range we used in extrapolating temperatures to the LGM coastline (> 20 to −120 m).
Lapse rates calculated from the regression were expected to be most accurate for
the area that is within the moving window region (red shaded region, Fig. 1a). We10

anticipated that the temperature predictions would be less reliable the farther they were
extended inland from the sampled area crossed by the moving window.

2.1.4 Adjustment for current to preindustrial temperature differences

We used a time series of reconstructed monthly Tave (Luterbacher et al., 2004; Xo-
plaki et al., 2005) to account for temperature differences between preindustrial climate15

conditions used as a baseline for GCM simulations (around 1750; http://pmip2.lsce.
ipsl.fr/design/boundary.shtml) and the calibration period for producing the Worldclim
climate data (1950–2000), which represents current climate conditions. We applied the
change factor method to make this adjustment. First we calculated the 50 year monthly
Tave for 1725–1775 (preindustrial 1750±25 years) and also for 1950–2000 (current20

conditions) and then their difference (preindustrial–current). We again used the “pois-
son_grid_fill” function (NCL, 2013) to fill the target areas of these anomalies holding no
data, interpolated them to 30 arc s using bilinear interpolation, then added them to Tave
of “Worldclim extended” to obtain Tave of “preindustrial Worldclim extended”, monthly
climate grids representing preindustrial Tave within the LGM coastline (Fig. 2d; step 725

in Fig. 1b). To construct baseline values for Tmin and Tmax we had to apply the interpo-
lated Tave anomalies to Tmin and Tmax of “Worldclim extended” because reconstructed
Tmin and Tmax were not available for preindustrial times, thus these anomalies could not
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be calculated. We assumed negligible differences existed between the anomalies of
Tave and those of Tmin and Tmax but had no means of testing this assumption. The val-
ues for the three temperature variables were subsequently used as the high-resolution
pre-industrial baseline climate to downscale the values from the GCM simulations.

2.2 Precipitation5

Even though we intended to present downscaled climate data for Europe we used
the area of the Yucatán Peninsula (Gulf of Mexico) to develop our method to extend
Worldclim precipitation grids to the LGM coastline. Yucatán seemed especially well
suited because of the variation in precipitation gradients in this area and the great
expansion of terrestrial area that occurred during glacial periods. First, we tested an10

approach to downscaling precipitation data that was identical to the approach we used
to downscale temperature. Because this extrapolation resulted in unrealistic values
due to both strong local precipitation gradients and effects from small remote islands,
we subsequently explored direct extrapolation of precipitation to the LGM coastline as
a means to construct the necessary baseline conditions.15

2.2.1 Extension of precipitation to the LGM coast line

In order to retain the large-scale precipitation regime, we created a coarse scale grid of
1 arc degree resolution by aggregation from the Worldclim 30 arc s resolution data (step
1 in Fig. 1d). We averaged all available cell values while ignoring cells without data. We
then filled all 1 arc degree cells without data (i.e., ocean) using the “gdal_fillnodata”20

function, an inverse distance weighted interpolation algorithm implemented in a python
script (Fig. 1c; www.gdal.org; GDAL Development Team, 2013). The original 30 arc s
grid and the new 1 deg grid were then both converted to points (steps 2 and 3, Fig. 1d)
and merged into a single file as input for the spatial interpolation (Fig. 1c; step 5,
Fig. 1d). We evaluated several interpolation methods, all tested on this merged point file25
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(Fig. A1a) and finally selected the natural neighbour method in subsequent analyses.
To further improve the result we filtered the input data as follows.

In order to avoid apparent interpolation artefacts originating from small offshore is-
lands, we applied a 9-point smoothing filter to the 1 arc degree grids prior to interpola-
tion. This filter calculated a weighted average of each grid point with respect to the 85

surrounding neighbours. The centre point received a weight of 1.0, the points N, S, E,
W a weight of 0.5 and the points NE, NW, SE, SW a weight of 0.3. (step 2 in Figs. 1d,
4a).

To avoid artefacts that could arise from extrapolating inland climate over coastal cli-
mate to the LGM coastline we established the same variable width mask as we did10

for temperature within the current coastal line. The mask was defined as the area with
an elevation lower than 20 ma.s.l. (step 4 in Figs. 1d, 4a). This mask varied in width,
similar to the temperature mask, above. In order to avoid spurious effects from iso-
lated pixels, we additionally applied a boundary cleaning filter in ArcGIS (ESRI, 2013),
which smoothed the mask’s boundary. All data points within the mask (of land be-15

low 20 ma.s.l.) were removed from the 30 arc s Worldclim data prior to merging with
the smoothed 1 arc degree grid points (Fig. 4a). These merged points were then spa-
tially interpolated to the native Worldclim 30 arc s resolution using the natural neighbour
method (step 6 in Figs. 1d, 4b). In the step to obtain “Worldclim extended” current cli-
mate grids, we removed all cells in the ocean beyond the shoreline position at LGM20

and we replaced all cells inland of the 20 m elevation mask with the original Worldclim
values (not shown; step 7 in Fig. 1d). After developing this method on the Yucatán
Peninsula, we applied it to the region of Europe. For precipitation, we could not correct
for differences between preindustrial and current climate due to missing data. Thus,
there is no “preindustrial Worldclim extended” for precipitation prior to combining it with25

reconstructed LGM climate anomalies. We therefore have to assume that the precipi-
tation difference between current and preindustrial times is negligible.
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2.3 Downscaling 5 GCMs

After producing extended layers for current and preindustrial climates, we downscaled
data from five GCM simulations of climate at the LGM over the full extent of Eu-
rope. Data were downloaded from the PMIP2 database (Braconnot et al., 2007) for
the following GCMs: CCSM, CNRM, FGOALS, IPSL-CM4, MIROC3.2. Each of these5

GCMs simulated data for one hundred model years under the conditions and con-
straints of both the LGM and the preindustrial period (around 1750). First we cal-
culated monthly averages for each of the GCMs for these two time periods. Then,
the LGM monthly data sets were expressed as anomalies relative to the preindustrial
monthly data sets. We calculated difference anomalies for minimum, maximum and av-10

erage temperature (Tanomaly = TLGM−Tpreindustrial) but relative anomalies for precipitation
(Precanomaly = [PrecLGM −Precpreindustrial]/Precpreindustrial) in order to avoid creation of
negative precipitation during LGM. The resulting anomaly maps were then interpolated
to a 30 arc s resolution using bilinear interpolation. In the final step the anomalies were
combined with the high-resolution baseline climate to yield the final high-resolution15

maps: temperature anomalies were added to “preindustrial Worldclim extended” while
precipitation anomalies were multiplied by “Worldclim extended”. Figure 5 illustrates for
the arbitrarily chosen month May of CCSM the current temperature and precipitation of
Worldclim and the reconstructed values at LGM.

3 Results and discussion20

3.1 Temperature

The moving window technique is constrained to areas close to (but not at) the coast
(elevation> 20 m, selection of maximum cells per window). As expected, the standard
error increases with distance from the coast (Table 1; Fig. 6). Under the assumption
that the extrapolation into the ocean produces the same result, we would expect an25
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error range from 0.3 ◦C close to the coast (zone 1) to about 0.7 ◦C at the furthest ex-
trapolated region in the central North Sea (about zone 3). Overall, coastal areas are
well represented, with a minimum of error in this exercise. This validation suggests
that the terrestrial coastal areas at LGM, which are not farther to the seaside from the
current coast line than 2 arc degrees, show no distance effect from interpolations, and5

only a marginal increase in error when situated further away than 2 arc degrees (i.e.
ca. 200 km).

One issue is that the minimum and maximum number of cells per window were
empirically chosen. This choice influences MLR estimation. If the minimum number is
too small, there may be an insufficient number of points available for robust regression10

estimation of lapse rates. Also, the centre cell may lie far offshore and the regression
would then be based exclusively on a few coastal pixels. On the other hand, if the
minimum number is set too large, narrow peninsulas that extend far to sea (e.g. Land’s
End, Cornwall, UK) may provide too few pixels to qualify for inclusion in the regression.
Thus, the extrapolation would start relatively far inland and the potential effects on15

estimation of temperature lapse rates by the high ground of the peninsula would not be
represented.

We tried alternative algorithms to extrapolate the slope coefficients to the LGM coast.
The “poisson_gridfill” function performs well when the area to be filled is bounded by
valid data (e.g. North Sea, Mediterranean Sea). When extrapolating into unbounded20

regions (e.g. towards distant shelf rim of northern North Sea) “gdal_fillnodata” performs
better at greater distances than “poisson_gridfill”, but produces streaky patterns that
would have required subsequent smoothing.

3.2 Precipitation

Initial attempts to create base period data within the LGM coastline by using lapse rates25

and the moving window method did not provide acceptable results because the extrap-
olated MLR coefficients of both simple and multiple linear regressions often produced
unrealistic negative precipitation values. In this case, dependency of precipitation on
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elevation, latitude, and longitude could not be used. This was due to propagation of
geographic trends that are induced by current coastal climate patterns, as presented
by Worldclim grids, and by tiny islands far offshore with partly quite distinct climates
(Fig. A1).

The pattern that resulted from direct interpolation with “gdal_fillnodata” was noisy,5

and two tiny islands northwest of Yucatán in our example (the circled dark red pixels
in Fig. A1a), which were each represented by only two adjacent pixels in the original
30 arc s grid, substantially influenced values of the 1◦ grid (Fig. A1a). The influence of
the islands is barely noticeable after applying a 9-point smoothing filter (Fig. 4a). When
left unsmoothed, these islands influenced precipitation patterns independent of various10

methods of interpolation (Fig. A1). In our comparison, these methods varied in the
quality of their results. Inverse distance weighting produced a patchy pattern (Fig. A1b),
while use of splines produced artefacts along the border to the 30 arc s resolution points
(Fig. A1c). The natural neighbour interpolation method produced a smooth result with
minimal artefacts (Fig. A1d) and was chosen as the final method.15

Application of the variable distance mask eliminated most artefacts of the current
coast, producing a smooth extrapolation to the LGM coastline North from the Yucatán
peninsula and retained all information along steep coasts. The boundary cleaning filter
effectively produced a smoothed and clear zone boundary of the selected elevations
above 20 m, and further reduced the effects of islands in the Gulf of Mexico that lie just20

off the current northeast coast of the Yucatán (compare Fig. 4b to A1d). Precipitation
was not corrected for recent climate change to preindustrial conditions simply due to
missing data.

3.3 Uncertainties

In this study we combine four different data sets, which are based on measured or mod-25

elled data. Thus, there are several possible sources of errors that may affect our final
results. Errors may stem from, for example, the measured values and the interpolation
algorithm used to create Worldclim (Hijmans et al., 2005), the GCMs (Braconnot et al.,
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2007), the change factor method (Anandhi et al., 2011), the reconstructed monthly Tave
(Luterbacher et al., 2004; Xoplaki et al., 2005), the bathymetric data (Becker et al.,
2009) and, of course, the methods developed in this study as discussed above. While
we cannot test for possible errors originating from the interpolation of the precipitation
values, we interpolated temperature values towards the continent interior generated5

interpolation errors and compared these value to those of the original Worldclim maps
(Figs. 3 and 6). We found that the absolute error is less than 1 ◦C for 98.9 % of the pixels
in the first two 1 arc degree distance zones (96.6 % in the first three zones, Fig. 6). The
first two zones cover most of the regions used for interpolations. 91.4 % of the pixels in
the first 1◦ zone revealed an error of less than 0.5 ◦C (87.8 and 83.0 % of the pixels in10

the first two and three zones, respectively).

3.4 Need for downscaled GCMs of the LGM

The high-resolution monthly temperature and precipitation grids offer new possibilities
in the use of niche/vegetation/migration models. However, the empirical character of
the proposed procedures has to be considered in such applications. The temperatures15

(Tave, Tmin and Tmax) are corrected for recent climate change since the preindustrial
time period but precipitation is not. This may introduce inconsistencies. In addition, we
assumed that the temperature anomaly for Tave equals those of Tmin and Tmax, which
may have introduced additional uncertainties.

The use of GCM data to study the paleo distribution of species is an important aspect20

of paleoecology (Maiorano et al., 2013; Nogues-Bravo, 2009). However, the relevance
of data resolution to the modeling of climate impacts on biodiversity remains unclear
(Guisan et al., 2007; Randin et al., 2009). Downscaled GCM simulations of LGM cli-
mate have proven important in estimating the precise locations of potential refugia with
suitable climates for species during the LGM (Bryson et al., 2014; Patsiou et al., 2014;25

Schorr et al., 2012, 2013). The approaches developed here provide the means to eas-
ily downscale a greater number of GCM simulations, which can facilitate the evaluation
of uncertainties in studies of the impacts of climate change over periods that involve
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changing sea levels through the use of ensemble modeling approaches (Araujo and
New, 2007). Further, the transparency provided by full description of the downscaling
procedure, as we have presented here, should facilitate the evaluation of the results
from studies of climate impacts that have used the resulting high-resolution data.

4 Summary and conclusions5

Here, we present a straightforward method to downscale coarse resolution GCM data
of the last glacial maximum to a very high spatial resolution using the delta change
method. In this approach, we account for differing and varied coast lines using a mov-
ing window method, combined with extrapolation techniques, and also bridge the gap
between preindustrial to modern times using the same delta change method for tem-10

perature. The proposed moving window method predicts temperature using a linear
relationship of the explanatory variables elevation, latitude and longitude. The coeffi-
cients resulting from a multiple linear regression (MLR) in a moving window technique
are extrapolated to the LGM coastlines and are then used to predict temperatures at
the new positions. Precipitation is directly extrapolated to the LGM coastline. This doc-15

umentation of the downscaling of climate data to coastal areas should support efforts
to identify potential impacts of climate change around the time of the LGM. All data for
Europe produced in the course of this study, including additional variables for ecologi-
cal modelling, can be accessed at the PANGAEA repository. As additional variables we
calculated 19 “bioclimatic” variables following the algorithms of Hijmans et al. (2005),20

which are often used in climate change impact studies on biological diversity (Hijmans
et al., 2005).

Appendix: Selection of interpolation method

To interpolate precipitation we evaluated several methods, all tested on the merged
point file (Fig. A1a). These include (i) inverse distance weighting (Fig. A1b; Philip and25
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Watson, 1982; Watson and Philip, 1985), (ii) splines with tension (Fig. A1c; Franke,
1982; Mitas and Mitasova, 1988), and (iii) the natural neighbour method (Fig. A1d; Sib-
son, 1981; Watson, 1992). We selected the natural neighbour method in subsequent
analyses.
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Table 1. Validation statistics of the difference between predicted temperatures calculated from
the MLR coefficients extrapolated onto terrestrial areas and those of the original WorldClim
layers. Only pixels within the elevation range between 20 and 150 m are included. See text and
Fig. 3 for definition of the zones.

zone n pixels Mean error SD min 1st Q. median 3rd Q. max.

1 27 681 564 −0.022 0.322 −2.888 −0.276 −0.022 0.229 4.526
2 12 939 960 0.000 0.430 −2.736 −0.280 0.003 0.287 2.447
3 8 517 852 0.087 0.685 −3.755 −0.286 0.120 0.485 2.841
4 4 472 772 0.142 0.900 −3.879 −0.381 0.133 0.736 3.137
5 7 162 500 0.485 1.051 −3.227 −0.202 0.439 1.215 4.552
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Figure 1. Illustration and flow charts of the methods for temperature (a, b) and precipitation
(c, d). Current and LGM coastlines, and the 20 ma.s.l. contour line are shown. Both methods
use only the area currently above 20 m elevation. (a) The multiple linear regression coefficients
for the central cell are calculated when the moving window covers at least 170 cells above 20 m,
but no more than 624 cells. The resulting regression parameters are stored at the position of
the center cell (red dots). The result area, i.e. center cells of all window positions, is shown in
red. (b) Flow chart for the procedure that downscales temperature. (c) For the natural neighbor
interpolation of precipitation, coarse scale 1 ◦ grid points are used as input, in combination with
the 30 s WorldClim points above 20 ma.s.l. (d) Flow chart for the procedure that downscales
precipitation.
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Figure 2. Illustration of steps in calculation of Tave of month 5. Only northwestern Europe is
shown and the current coastline is indicated for clarity. The maps show (a) the number of
cells in each moving window used for the multiple linear regression (MLR) to estimate the
regression coefficients for each focal pixel. Grey pixels were not calculated due to minimum and
maximum thresholds and represent missing MLR coefficient data (see text). (b) The calculated
regression coefficient β1. (c) β1 extrapolated to the LGM coast line with missing data filled
using the “poisson_grid_fill” function, (d) “preindustrial Worldclim extended”, the recalculated
temperature using the estimated and interpolated regression coefficients with elevation data
from the GEBCO_08 Grid. Original Worldclim values were reinserted for areas 20 ma.s.l. In
a final step, values were corrected for recent change between pre-industrial and current climate.
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Figure 3. Five zones of distance (in degrees) from the current European coastline, each of 1
arc degree width.
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Figure 4. Application of an elevation buffer to terrestrial data with subsequent interpolation. The
current coastline (solid) and the coast at the LGM (dotted) are shown for reference. Data rep-
resented are: (a) one arc degree points combined with 30 arc s WorldClim-derived points from
above the coastal mask of 20 ma.s.l. and cleaned using the boundary cleaning filter. Shaded
colors are the smoothed coarse scale (1 arc degree) July precipitation grid; (b) interpolated
July precipitation data from the previous panel, produced using the natural neighbor method.
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Figure 5. Illustration of temperature and precipitation for May. Maps (a) and (b) show current
values and maps (c) and (d) the reconstructed LGM values.
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Figure 6. Boxplot of differences between predicted values for terrestrial values of temperature
and WorldClim values for each distance zone of 1 arc degree (see Fig. 3). Elements show
the median, first and third quartiles defining the box, the whiskers extending to 1.5 times the
interquartile range from the box, and minimum and maximum values.
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Figure A1. Interpolation tests for July precipitation in an area centered on the Yucatán Pennin-
sula. Both the current coastline (solid) and the coast at the LGM (dotted) are shown. The maps
show (a) unsmoothed data from application of “gdal_fillnodata” for marine areas combined with
aggregated (1 deg) points originating from the 30 arc s WorldClim data for terrestrial areas.
Terrestrial areas are visualized as black background area in the map. Interpolated data using
(b) inverse distance weighting, (c) splines, and (d) the natural neighbor method. The effects
of off-shore islands (circled dark red spots) and the interpolation artifacts caused by climate
patterns along the current north coast of the Yucatán are evident.
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